Acute heart failure remains an enormous health concern worldwide, and is a major cause of death and hospitalization. In spite of this, the treatment strategies for acute heart failure have remained largely unchanged for the past 2 decades. Several large randomized, placebocontrolled clinical trials have recently been conducted to attempt to improve the treatment and outcomes of acute decompensated heart failure. Some studies, including the EVEREST (tolvaptan) and ASCEND (nesiritide) showed efficacy at relieving early symptoms, but failed to improve long-term outcomes. Others, including PROTECT (rolofylline) and ASTRONAUT (aliskiren) showed little benefit in the relief of early symptoms or long-term outcomes. The recent RELAX-AHF studies using serelaxin, a recombinant form of relaxin, have shown considerable promise. Importantly, serelaxin improved congestion (dyspnea) and other early targets of acute decompensated heart failure treatment, but also improved mortality at 180 days. The purpose of this review is to provide an overview of current treatment strategies for acute decompensated heart failure, and a discussion of the recent clinical trials, with an emphasis on the serelaxin studies. Keywords: acute heart failure, dyspnea, relaxin, serelaxin 1 year mortality at 30%, and readmission within 6 months at 50%. [7] [8] [9] [10] [11] [12] [13] [14] The characteristics associated with ADHF are variable, but usually include symptoms of systemic and pulmonary congestion, including dyspnea, edema, jugular distension, and fatigue. 3, 11 The majority of patients are normotensive or hypertensive, and display increased pulmonary capillary wedge pressure (PCWP). 8, 11, 15 Due to congestion and impaired cardiac output, hypoperfusion and ischemia is common, and is thought to contribute to myocardial and renal dysfunction. For these reasons, the early approach to treatment focuses on stabilization of the patient by targeting the hemodynamic impairments and dyspnea. The early course of treatment usually involves loop submit your manuscript | www.dovepress.com
Introduction
Heart failure is an enormous health concern, with over 5.1 million cases in the United States and over 21 million worldwide. 1, 2 Acute decompensated heart failure (ADHF) is generally defined as new symptoms or worsening of existing symptoms, often accompanied by dyspnea, venous congestion, edema and fatigue, that results in hospitalization or unplanned emergency care. 3, 4 It is estimated that 88% of persons who present with ADHF have a history of chronic heart failure. 5 ADHF accounts for over 19% of all emergency room visits associated with cardiovascular-related causes, with over 650,000 cases per year in the United States. 6 The estimates of mortality in ADHF patients while in the hospital range from 4%-12%, with 60 day mortality of 10%-20%,
Recent clinical trials of ADHF
Despite the enormity of the problem of ADHF, the treatment options for ADHF have progressed very little in the past decades. 18, 19 Several large randomized, placebo-controlled trials have been conducted in attempts to identify new treatments with increased effectiveness and reduced mortality, but most have been unsuccessful. Recent large randomized, placebocontrolled studies are summarized in Table 1 and are described to follow, with an emphasis on clinical studies of relaxin, which is the first pharmacological treatment for ADHF shown to result in improved outcomes from short-term treatment.
Tolvaptan Hyponatremia, or low plasma sodium level, is a frequent complication of ADHF, usually in the setting of fluid overload, or hypovolemic hyponatremia. The prevalence of hyponatremia in ADHF has been estimated as 20%-27% when low serum sodium was defined as below 136 mEq/L. 20, 21 Multiple studies have found an association between hyponatremia in ADHF and adverse effects, including days hospitalized and mortality. 20, 22 One major factor in the development of hyponatremia in ADHF is the nonosmotic secretion of arginine vasopressin, which in addition to its vasopressive effects, acts as an antidiuretic in the kidney through stimulation of aquaporin-2 in the renal collecting ducts. Arginine vasopressin acts through three different but related receptors known as V1a, V1b and V2. Several nonpeptide antagonists of these receptors have been developed, collectively known as vaptans. The receptor responsible for the antidiuretic effects is the V2 receptor, and specific antagonists targeting this receptor have been developed for the treatment of hyponatremia. One of these antagonists, tolvaptan, is selective for V2 over other receptors. The Acute and Chronic Therapeutic Impact of a Vasopressin Antagonist in Congestive Heart Failure (ACTIV in CHF) study was a phase II trial of tolvaptan in ADHF. 23, 24 This was a dose-finding study, with patients randomized within 96 hours of presentation. Tolvaptan was administered daily for up to 60 days. The primary endpoints were change in body weight at 24 hours, and worsening heart failure or death at 60 days. There were a number of secondary endpoints, including dyspnea, body weight at discharge, serum electrolytes, and length of hospital stay. The results for the primary endpoints were a significant reduction in body weight at 24 hours, but no difference in worsening heart failure, or death at 60 days. However, post hoc analysis suggested that high risk patients (impaired renal function or severe systemic congestion) had reduced 60 day mortality, and provided the basis for a larger, phase III trial.
Tolvaptan was used in a phase III trial of ADHF patients in the Efficacy of Vasopressin Antagonism in Heart Failure Outcome Study With Tolvaptan (EVEREST) studies, which were actually three related studies. The short-term clinical status trials were two identical studies with enrollments of 2,048 and 2,085 patients with ADHF and congestion. 25 The third study was a longer-term outcomes study that included all 4,133 enrolled patients followed for up to 24 months. 26 The primary endpoint for the short-term studies was a composite of global clinical status (based on a visual analog scale) and body weight change, at 7 days or discharge. For the outcomes study, the primary endpoints were all-cause mortality (superiority or noninferiority), and cardiovascular death or readmission due to heart failure (superiority only). Secondary endpoints included changes in dyspnea, global clinical status, body weight, and edema. The short-term primary composite endpoint was significantly improved by tolvaptan, largely due to a significant effect on body weight. There were also significant improvements in dyspnea and edema, and other measures of congestion and fluid balance. However, there was no effect on all-cause mortality, cardiovascular death, or readmission.
Why did tolvaptan in the EVEREST study fail to show an improvement in outcomes despite weight loss and dyspnea relief? It has also been suggested that long-term tolvaptan treatment causes a compensatory increase in vasopressin levels, and stimulation of the vasopressin V1a receptor, resulting in increased aldosterone levels. 27 One other likely explanation lies in the patient population. In the EVEREST study, most patients were not hyponatremic. A post hoc analysis revealed that only 11.5% of the patients enrolled in the EVEREST trial had hyponatremia as defined by serum sodium below 135 mEq/L. 28 However, among the hyponatremic subjects there was a trend toward improved outcomes in response to tolvaptan, and in severe hyponatremia (,130 mEq/L), tolvaptan significantly decreased cardiovascular death or rehospitalization. 28 Therefore, future studies that focus on the subjects most likely to respond to tolvaptan, those with hyponatremia, may reveal improved outcomes. Indeed, several trials are currently underway to determine the efficacy of tolvaptan in a number of sub- 
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Acute heart failure treatment groups of patients with ADHF, including those with renal insufficiency or hyponatremia, or resistance to loop diuretics (NCT01584557), hyponatremia (NCT01635517), high levels of the vasopressin precursor copeptin (NCT01733134), and volume overload with renal insufficiency (NCT01644331).
Nesiritide (recombinant human B-type natriuretic peptide)
Volume overload in heart failure triggers left ventricular release of the natriuretic peptides atrial natriuretic peptide (ANP) and B-type (or brain) natriuretic peptide (BNP). [29] [30] [31] These peptides serve to promote a number of physiological responses, such as natriuresis, diuresis, vasodilation, and inhibition of the renin-angiotensin-aldosterone system, and therefore are thought to function as a cardioprotective response to injury. With stabilization, the levels of ANP and BNP decline. Therefore, natriuretic peptides, particularly BNP, are often used as surrogate markers for heart failure. 32 Due to the physiological effects of ANP and BNP, and the transient nature of their release, it was hypothesized that administration of these peptides in heart failure would lead to improved outcomes. Studies using synthetic BNP in chronic heart failure revealed multiple effects including reduced PCWP, systemic vascular resistance, and increased natriuresis and diuresis. 33 A phase II trial of 24 hours infusion of recombinant human BNP (nesiritide) in ADHF found reduced PCWP and vascular resistance, and increased cardiac index, but no significant change in urine output or sodium excretion. 34 This was followed by a phase III trial of nesiritide in ADHF with both efficacy and comparative arms. 35 The efficacy trial enrolled 127 patients randomized to receive nesiritide at two doses (0.015 or 0.030 µg/kg/min) or placebo for 6 hours. The results were that nesiritide, at either dose, reduced PCWP, reduced dyspnea and fatigue, and improved global clinical status. The comparative trial randomized 305 patients to receive the same nesiritide doses or standard care for 7 days. In this arm, nesiritide produced the same improvements in dyspnea, fatigue, and global clinical status as standard care. Another phase III trial, the VMAC (Vasodilation in the Management of Acute CHF) compared the effect of 3 hours infusion of nesiritide, nitroglycerin or placebo, followed by 48 hours infusion of nesiritide or nitroglycerine in 489 patients hospitalized for ADHF with dyspnea at rest. 36 After 3 hours of infusion, nesiritide resulted in significantly lower PCWP than either nitroglycerin or placebo, and improved self-reported dyspnea more than placebo. At 24 hours, the effect on PCWP remained lower with nesiritide, but there was no significant difference in dyspnea or global clinical status, and no effects on mortality (7 days or 6 months) or 30-day rehospitalization due to heart failure. However, due to concerns about the low statistical power of the studies to assess safety, meta-analyses were performed using data compiled from the studies above, other small phase II studies, and data from drug approval records from the US Food and Drug Administration. 37, 38 The results of these meta-analyses suggested that nesiritide may be associated with an increased risk of worsening renal function and mortality at 30 days, and that larger, appropriately powered studies were needed.
The Acute Study of Clinical Effectiveness of Nesiritide in Decompensated Heart Failure (ASCEND-HF) trial studied the effectiveness of nesiritide in 7,151 subjects with ADHF, with primary endpoints of improved dyspnea at 6 and 24 hours, or a composite of readmission or death at 30 days. Although an improvement in dyspnea was reported, it did not meet the predetermined criteria for significance, and there was no change in readmission or death at 30 days, therefore the study failed to meet either of its primary endpoints. 39 A smaller study, Renal Optimization Strategies Evaluation (ROSE) was recently completed, and compared low-dose nesiritide with low-dose dopamine versus (vs) placebo in 360 subjects with ADHF and renal dysfunction. 40 This study also failed to show a significant benefit of nesiritide.
There are several possible explanations for the failure of the ASCEND-HF trial to show an improvement in dyspnea or long-term morbidity and mortality. One concern is the use of dyspnea as a primary endpoint, given that this determinant is patient-reported and therefore subjective, and that there is no clear benchmark for "significant" dyspnea relief. 41 Furthermore, standard care improves dyspnea in most patients, and by the time of enrollment (within 24 hours of receiving intravenous treatment for ADHF), dyspnea was likely already responding to treatment. 41 Another possibility lies in the nature of the major receptor for ANP and BNP, the natriuretic receptor-A (NPR-A). In the presence of excess or prolonged exposure to ligand, the signaling of NPR-A becomes blunted, a phenomenon known as desensitization. 42 Therefore, in the setting of heart failure, the response of NPR-A declines despite the elevated levels of ANP and BNP. This may explain why supplementing with additional BNP failed to produce long-term improvement in outcomes.
Rolofylline
Adenosine is a metabolite of adenosine triphosphate, and regulates a number of physiological processes through its four Research Reports in Clinical Cardiology downloaded from https://www.dovepress.com/ by 54.70.40.11 on 31-Oct-2019 For personal use only.
receptors, known as the A1, A2a, A2b, and A3 receptors. 43, 44 In the kidney, adenosine activates the A1 receptor to cause vasoconstriction of cortical afferent arterioles, reduce glomerular filtration rate (GFR), and increase sodium resorption. In addition, activation of the A1 receptor also stimulates the tubuloglomerular feedback response that normally decreases GFR and diuresis in response to increased tubular sodium intake. This feedback mechanism contributes to resistance to diuretics in some patients. In contrast, activation of the A2 receptors generally promotes vasodilation and cardioprotection. In heart failure, adenosine levels rise dramatically, and therefore it was hypothesized that selective blockage of the A1 receptors could improve renal function, especially those patients resistant to loop diuretics. 45, 46 Several selective A1 receptor antagonists have been developed, and were found to induce diuresis and inhibit the tubuloglomerular feedback response, while preserving GFR. 43, 44 Based on these findings, clinical trials were conducted to study the effects of one of these antagonists, rolofylline, in ADHF.
The Placebo-Controlled Randomized Study of the Selective A1 Adenosine Receptor Antagonist Rolofylline for Patients Hospitalized with Acute Decompensated Heart Failure and Volume Overload to Assess Treatment Effect on Congestion and Renal Function (PROTECT) study was based on a pilot study that suggested that rolofylline, an adenosine A1 receptor antagonist, improved dyspnea and reduced worsening renal function in patients with ADHF and renal dysfunction. 47 The larger phase III PROTECT study (2,033 subjects) had a primary endpoint of treatment success (defined as improvement in dyspnea at both 24 and 48 hours), failure (defined as death or readmission for heart failure through day 7, worsening heart failure for more than 24 hours after treatment initiation, or persistent worsening renal function), or no change in a composite clinical condition (survival, heart failure or renal failure). 48 However, there was no difference between groups in the primary endpoint, nor were there differences detected in the secondary endpoints of persistent renal failure or survival. Furthermore, some patients receiving rolofylline developed seizures, a known adverse effect of adenosine A1 receptor antagonists.
One possibility for the failure of the PROTECT study to meet its primary endpoints may lie in the rather low number of patients (15% rolofylline, 13.7% placebo) enrolled who developed worsening renal function. 48 A subgroup analysis showed a trend toward improved response to rolofylline in the subjects with the lowest creatinine clearance. 49 Therefore, it is possible that only patients with the highest renal impairment, or those taking high-dose loop diuretics would benefit from rolofylline. A second possibility is the specificity of rolofylline. Among the adenosine A1 receptor blockers developed, rolofylline has the lowest specificity for the A1 receptor, with 32-fold preference for the A1 receptor over the A2 receptor, compared to ∼400-fold for tonapofylline (BG9928) and ∼900 fold for SLV320, and therefore it was possible that more selective blockage of the A1 receptor would allow the cardioprotective effects through activation of the A2a receptor to remain intact. 44 However, in a clinical trial of tonapofylline in heart failure, the outcomes were similar to those in the rolofylline study (worsening of renal failure and increased incidence of seizures), and the study was terminated by the data safety monitoring board. 50 A clinical study of SLV320 in ADHF was terminated by the sponsor for strategic reasons unrelated to the results. 51 Therefore, there is currently little evidence that this class of drugs is beneficial in the treatment of ADHF, and development of adenosine A1 receptor antagonists for the treatment of ADHF appears to have been abandoned. However, partial agonists of the A1 receptor have been developed, with the idea that partial agonism would result in an overall lower renal effect, while preserving cardioprotective effects mediated through the A1 receptor. 52 A phase II trial is currently underway to study the effect of a partial adenosine A1 agonist in chronic heart failure (NCT02040233).
Aliskiren
The renin-angiotensin-aldosterone system is activated in chronic heart failure, and anti-hypertensive drugs targeting this system have been used in the treatment of heart failure for many years. 53, 54 The drugs currently used for this purpose are either angiotensin converting enzyme (ACE) inhibitors, or angiotensin receptor blockers (ARBs). While these agents have been effective in decreasing morbidity and mortality in heart failure, they do not completely block the renin-angiotensin system, and cause an increase in the levels of renin, and with long-term use angiotensin-II can return to basal levels, in a phenomenon known as angiotensin reactivation and aldosterone escape (or aldosterone breakthrough). 55 In contrast, direct renin inhibitors, such as aliskiren, prevent renin from converting angiotensinogen to angiotensin, which is the initial step in activation of the renin-angiotensin system. 56 Therefore, it was thought that direct renin inhibitors might block the system more completely, avoid the elevated levels of angiotensin-I and other components of the system, and be less prone to cause aldosterone escape. 57 Indeed, clinical studies revealed that aliskiren was at least as effective as other classes of renin-angiotensin system inhibitors in 
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Acute heart failure treatment reducing blood pressure. [58] [59] [60] Due to these properties, it was hypothesized that direct renin inhibitors might be useful in the treatment of heart failure. An early safety and efficacy study, ALOFT (Aliskiren Observation of Heart Failure Treatment) studied the effect of aliskiren (150 mg/day) in 302 patients with stable heart failure, elevated BNP ($100 pmol/mL), and hypertension despite the use of ACE inhibitors or ARBs and beta-blockers. 61 Because of earlier studies associating aliskiren with hypotension, hyperkalemia or renal failure in subjects at high risk, patients with systolic blood pressure below 90 mmHg, serum potassium $5.1 mM, or serum creatinine .177 µM were excluded. In addition to safety and tolerability, a reduction in BNP level was a primary endpoint. The treatment was well-tolerated, no significant differences in adverse effects compared to placebo. Aliskiren caused a significant decrease in BNP levels, as well as reduced urine aldosterone, and there was evidence of decreased left ventricular remodeling. On the other hand, another study, the Aliskiren Study in Post-MI Patients to Reduce Remodelling (ASPIRE), examined the effect of aliskiren in patients with recent myocardial infarction (within 2-6 weeks) and left ventricle ejection fraction ,45%. 62 In this setting, there were no beneficial effects of aliskiren, and there were significantly higher rates of hypotension and hyperkalemia. Therefore, while aliskiren showed evidence of beneficial effects on chronic heart failure, it is not useful for post-myocardial infarction cases. The findings from the ALOFT trial formed the basis for a larger trial of ADHF.
In the Aliskiren Trial on Acute Heart Failure Outcomes (ASTRONAUT) trial, 1,615 patients with impaired left ventricular ejection fraction, fluid overload, and elevated BNP peptides were randomized to placebo or aliskiren, with primary endpoint of cardiovascular death or readmission at 6 months. 63 The secondary endpoints were cardiovascular death or readmission at 12 months, first cardiovascular event at 12 months, change in BNP peptides, and quality of life. No difference was found in the primary or secondary endpoints apart from a reduction in myocardial infarctions at 12 months. Furthermore, aliskiren was associated with increased rates of hyperkalemia, renal failure, and hypotension.
There has been much speculation about the reasons for the failure of aliskiren to improve outcomes in ADHF. One possibility could be related to the use of BNP in the ALOFT study as a surrogate marker of heart failure. 64 In both the ALOFT and ASTRONAUT studies, aliskiren decreased BNP levels, but this did not correlate to more direct measurements of cardiac function. Another issue relates to the notion that direct renin inhibitors would be less prone to angiotensin reactivation and aldosterone escape than ACE inhibitors or ARBs. However, a recent study showed evidence that aliskiren, either alone or in combination with a ARB, did not reduce the rate of aldosterone escape. 65 The patient selection criteria may also have been a major factor in the failure of the study to show improved outcomes. An analysis of the ALOFT study suggested that the effect of aliskiren was greater in patients with elevated blood pressure despite high-dose ACE inhibitors. 66 Another study showed that aliskiren was associated with poor outcomes and even death in patients with diabetes who were taking other ACE inhibitors or ARBs. 67 In the ASTRONAUT study, subgroup analysis suggested that diabetic patients had poorer outcomes with aliskiren, while nondiabetic subjects had improved outcomes. 68 Therefore, future studies may benefit by more selective inclusion and exclusion criteria in the patient population to reflect those who are most likely to respond favorably to aliskiren and less likely to experience adverse outcomes. For example, by including patients with elevated blood pressure despite ACE inhibitor or ARB use, and excluding normotensive subjects, or diabetic patients taking renin-angiotensin-aldosterone system blockers, it is possible that aliskiren may be beneficial for some ADHF patients.
Serelaxin
Relaxin is a polypeptide hormone of the insulin/relaxin superfamily. 69, 70 There are three relaxin genes in humans, and two in rodents. The product of the relaxin 2 gene is orthologous to the relaxin 1 gene in rodents, and is responsible for the effects germane to this discussion, and therefore endogenous relaxin or purified relaxin used for treatment will be referred to simply as relaxin hereon. The first identified role for relaxin was in pregnancy, as the circulating levels of relaxin, produced by the corpus luteum of the ovary, peak during the first trimester. 71 During pregnancy, relaxin is thought to have a role in implantation, as well as other species-dependent functions. 69 One other important role attributed to relaxin is in the cardiovascular events that occur in pregnancy. 72, 73 Concurrent with the peak of circulating relaxin is a large decrease in systemic vascular resistance, and an increase in cardiac output. This is accompanied by vasodilation in the kidney and other organs, and an increase in GFR rate. 72, 73 Furthermore, there is resistance to the effects of vasodilators such as angiotensin II. Importantly, many of these changes have been detected in response to relaxin in nonpregnant female and male animal models. Chronic relaxin treatment of normal or spontaneously hypertensive rats decreased systemic vascular resistance, and increased cardiac output and global arterial compliance. 74, 75 Short-term (#6 hours) relaxin treatment improved cardiac output, arterial compliance, and systemic vascular resistance in angiotensin II-induced hypertensive rats, but not normal or spontaneously hypertensive rats, suggesting that short-term responsiveness may depend on the cause of the hypertension. 75 The cardioprotective properties of relaxin have long been known. Relaxin treatment reduced cardiac ischemiareperfusion tissue injury and increased cardiac blood flow and contractility in rodent and swine models. [76] [77] [78] [79] In addition to dilation of small vessels in the heart, relaxin decreased inflammation and promoted the formation of new blood vessels at the sites of injury through vascular endothelial growth factor and basic fibroblast growth factor. 77, [80] [81] [82] Relaxin also had a positive inotropic effect on human atria. 83 Interestingly, it has been reported that relaxin is released from the failing heart, producing circulating levels that can approach those reached during pregnancy, although the role played by cardiac-produced relaxin is unclear. [84] [85] [86] [87] [88] [89] [90] However, there are concerns about the lack of validation of the assay used for these studies, and therefore further study is needed to prove that relaxin is produced by the heart. 72 In addition to the heart, relaxin protects against ischemia-reperfusion injury in other organs including kidney, lung, liver, brain, and intestine. [91] [92] [93] [94] [95] [96] A feature that contributes to the morbidity and mortality in heart disease is cardiac fibrosis. 97 One of the best characterized functions of relaxin is in remodeling of extracellular matrix proteins and protection from fibrosis. [98] [99] [100] Targeted disruption of the relaxin gene results in development of age-related fibrosis in many tissues, including heart, lungs, kidney, skin, and reproductive tract. 101 Using animal models of fibrosis, treatment with relaxin showed effectiveness in the reduction of fibrosis in experimental models of cardiac disease. 79, [102] [103] [104] [105] [106] In addition, relaxin has shown effectiveness in the treatment of models of pulmonary, renal, and hepatic fibrosis. 99, [107] [108] [109] [110] [111] [112] The ability of relaxin to induce short-term hemodynamic effects and longer-term effects on organ damage made it a prime candidate for the treatment of acute heart failure in clinical trials.
Phase I dose-finding and safety study in chronic heart failure A phase I clinical study was carried out on patients with stable compensated HF. 113, 114 The aim of this open-label study was to determine safety, tolerability, and pharmacokinetics, as well as hemodynamic properties of intravenously administered recombinant human relaxin. The subjects were males with New York Heart Association Class II-III, left ventricular ejection fraction ,35%, and were on standard chronic heart failure medication (ARBs or ACE inhibitors, beta-blockers, diuretics, and antiplatelet treatment). The exclusion criteria included PCWP ,16 mmHg, cardiac index .2.5 L/min/m 2 , recent myocardial infarction or cardiac surgery, acute coronary syndrome, significant recent arrhythmia, systolic blood pressure under 85 mmHg, or recent stroke. In the initial study (Group A), four patients were infused intravenously with relaxin over 24 hours, with escalating doses of 10, 30, and 100 µg/kg/day (8 hours each). The patients were monitored during the infusion period, and then for 24 hours after withdrawal of relaxin. Patients were also examined on day 9, and contacted by phone after 30 days to evaluate serious adverse events. The drug was well-tolerated, and therefore a second study was performed with six patients as above except with escalating 8-hour infusions of relaxin at 240, 480, and 960 µg/kg/day (Group B). Again, all doses were well-tolerated, and therefore the highest dose was selected for a 24 hour infusion period in six subjects (Group C). For all study groups, the subjects were monitored during the infusion period, and then for 24 hours after withdrawal of relaxin. Patients were also examined on day 9, and contacted by phone after 30 days to evaluate serious adverse events.
A number of beneficial effects were observed, although there was no clear correlation to relaxin dose. For example, PCWP significantly improved in Group A during the 30 and 100 µg/kg/day infusions and in Group C, but not in Group B. Cardiac output significantly improved during the 240 µg/kg/day infusion period in Group B and in Group C, but not Group A. The highest number of beneficial effects was seen after 24 hours in Group C, with significant improvements in cardiac index, cardiac output, and both systemic and pulmonary vascular resistance. Improvement in serum levels of NT-pro-BNP was also detected in Groups A and C, but not Group B. While in general, the effects were maintained for at least 8 hours after the infusion period, most parameters returned to baseline by 24 hours. As expected from previous studies, relaxin infusion caused decreased serum creatinine levels, significantly in Groups A and C, but not in Group B. Interestingly, in Group C, serum creatinine levels were significantly higher than baseline 9 days after infusion, suggesting a possible rebound effect, but creatinine levels had returned to normal by day 30. There were no adverse renal effects reported, and the elevation in creatinine was below the level (0.3-0.5 mg/dL) widely used as indicative of worsening renal function in other clinical studies. 37, 115 Research Reports in Clinical Cardiology downloaded from https://www.dovepress.com/ by 54.70.40.11 on 31-Oct-2019 For personal use only.
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Acute heart failure treatment
The study established that relaxin was well-tolerated, and produced some beneficial hemodynamic effects in stable compensated HF. One interesting aspect of the results was the lack of a dose effect of relaxin. Significant changes were observed with the lower-dose escalation study (Group A) and in the high dose continuous study (Group C), but only cardiac output was significantly changed in the intermediate group (Group B).
Phase ii study: Pre-ReLAX-AHF
The Preliminary Study of RELAXin in Acute Heart Failure (Pre-RELAX-AHF) was a randomized, placebo-controlled, double-blind multicenter study conducted in 2007-2008, and was aimed at identifying an optimal dose of relaxin for improving para meters in acute heart failure. 116 As this was a Phase IIb dose-finding trial, there was no set endpoint, but a number of potential targets were monitored in aggregate. The subjects enrolled were males presenting with acute heart failure, defined as the presence of dyspnea, pulmonary congestion, and elevated BNP or NT-pro-BNP. Subjects must have been enrolled within 16 hours of presentation, had normal or elevated systolic blood pressure (.125 mmHg), and moderately impaired GFR (30-75 mL/min/1.73 m 2 ). Subjects receiving loop diuretics or nitrates (if systolic blood pressure exceeded 150 mmHg) were included, but were excluded if intravenous vasodilators or inotropic drugs had been administered. Other exclusion criteria included recent acute coronary syndrome, severe pulmonary disease, or stenotic valvular disease. The subjects were randomly assigned to receive placebo (60 subjects), or relaxin at 10, 30, 100, or 250 µg/kg/day (40, 42, 37 or 49 subjects, respectively), infused intravenously for a 48 hour period. Dyspnea was assessed by patient-reported methods, both visual analog scale (VAS) and the Likert scale. Other physician-reported parameters monitored included symptoms of worsening heart or renal failure, jugular distension, and edema. Assessments were made during the infusion period, and periodically for 2 weeks. Follow-up contact was made to determine readmission and vital status for up to 180 days.
Relaxin treatment resulted in significant improvement of dyspnea as estimated by the Likert scale early (6-24 hours) at the 30 µg/kg/day dose, but not at the other doses, and not at the later time points. Using the VAS scale, there was a trend toward improved dyspnea after 5 and 14 days at all relaxin doses, with the greatest effect achieved by the 30 µg/kg/day dose, which approached statistical significance at 14 days. Overall, relaxin treatment resulted in trends toward improvement in worsening heart failure, length of stay in the hospital, 60-or 180-day cardiovascular-related and all-cause readmission or death, and all-cause mortality. The most effective dose was 30 µg/ kg/day relaxin, which resulted in decreased cardiovascular death or readmission that approached significance at 60 days, and was statistically significant at 180 days. There was also a trend toward improvements in a number of physician-reported parameters, such as edema, rales, jugular pressure, and use of nitrates and diuretics. Once again, the overall effectiveness was greatest at the 30 µg/kg/day dose. This phenomenon has been reported in other studies using relaxin, in which u-shaped or bell-shaped response curves have been observed in vitro and in in vivo animal studies. 70 Treatment with relaxin had a significant effect on blood pressure compared to placebo when all subject data were included. Interestingly, when subjects above and below the median systolic blood pressure (140 mmHg) were analyzed, those above the mean had a significantly larger decrease in blood pressure with relaxin compared to placebo. This is consistent with earlier findings showing that relaxin had vasodilatory effects on angiotensin-II induced hypertension in vivo and preconstricted vessels in vitro. 85, [117] [118] [119] There were few adverse effects that could be attributed to relaxin treatment. There were more subjects in the relaxin-treated groups who experienced hypotension that met the criteria for study discontinuation. There were two subjects that experienced serious adverse events related to decreased blood pressure, both in the highest-dose relaxin group. Unlike the phase I trial of stable compensated heart failure, 113, 114 there was no significant improvement in renal function in the relaxin group, but there was a trend toward an increase in the percentage of subjects experiencing an increase greater than 26 µmol/L (0.29 mg/dL) at day 14, which was significant at the highest relaxin dose.
Overall, the phase II trial produced promising results which suggested that relaxin improved dyspnea, several cardiovascular markers, and decreased cardiovascularrelated death and readmission. The most effective dose for most parameters was 30 µg/kg/day, which also had a similar safety profile to placebo. Therefore, this dose was chosen for a phase III trial.
Phase iii: ReLAX-AHF
The phase III study began in October 2009, and used the same inclusion and exclusion criteria as the phase II study. 120, 121 In this randomized, double-blind, placebo controlled study, a total of 1,161 subjects were enrolled, and randomly assigned to receive 30 µg/kg/day recombinant human relaxin (renamed serelaxin by the pharmaceutical manufacturer Novartis International AG, Basel, Switzerland) or placebo (581 or Research Reports in Clinical Cardiology downloaded from https://www.dovepress.com/ by 54.70.40.11 on 31-Oct-2019 For personal use only.
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Bennett 580 subjects, respectively) by intravenous infusion over 48 hours. There were two primary endpoints for this study, both focused on dyspnea. The first was the cumulative VAS area under the curve from baseline through 5 days. The second was improvement of dyspnea by the Likert scale, defined as reported improvement at all time points (6, 12, and 24 hours). There were also two secondary endpoints. The first was survival and readmission at day 60, and the second was death due to cardiovascular events or readmission due to heart or kidney failure. Because of the higher percentage of subjects experiencing large decreases in blood pressure in the Pre-RELAX-AHF study, a dose-adjustment protocol was included. If there was a decrease of greater than 40 mmHg in systolic blood pressure, but it remained above 100 mmHg, the dose was reduced by half. If systolic blood pressure dropped below 100 mmHg, the treatment was discontinued.
The primary endpoints both involved improvement of dyspnea. Using the VAS scale, the serelaxin group had modest but significantly improved area under the curve compared to placebo from baseline to 5 days, and also from baseline to 14 days. The change from baseline was increased at all time points in the serelaxin group, and was significant from 24 hours and through the 14 day period. For the other primary endpoint, relief of dyspnea by the Likert scale, the serelaxin group had improved scores at each time point, and approached significance at 12 hours (P=0.051), but did not reach statistical significance overall. Nevertheless, the prespecified condition of achieving one primary endpoint was met, due to the VAS scale measurements. The general wellbeing score was significantly improved by serelaxin using the VAS scale, but not the Likert scale. However, serelaxin subjects reported significantly earlier dyspnea improvement than placebo subjects using the Likert scale.
Serelaxin did not significantly improve the secondary endpoints of overall or cardiovascular-or renal-related death or readmission, at day 60. However, there was a significant reduction in the number of cardiovascular deaths at 180 days. Furthermore, serelaxin significantly decreased all-cause mortality at 180 days. Treatment with serelaxin significantly reduced the number of subjects with worsening heart failure, and improved several markers of congestion including edema, rales, jugular pressure, orthopnea, and dyspnea on exertion. The serelaxin subjects also had significantly reduced length of stay in the hospital, and fewer days in the intensive care or cardiac care units.
Decreases in systolic blood pressure were greater in the serelaxin group at the end of the infusion period (48 hours), and at 24 hours after the end of infusion, than in the placebo group. As described above, a dose-reduction protocol was in place in case of a drop in systolic blood pressure greater than 40 mmHg, or withdrawal from the study if blood pressure dropped below 100 mmHg. Significantly more subjects receiving serelaxin required either dose reduction, withdrawal, or both, than placebo (29% versus [vs] 18% respectively). However, adverse events related to hypotension were not different between the two groups, and serelaxin-treated subjects had significantly reduced renal impairment. This was likely due to the dose-reduction protocol that limited adverse effects to the high responders to serelaxin treatment.
The RELAX-AHF studies were the first to show a significant effect of short-term pharmacologic treatment of ADHF on long-term outcomes. There are some important limitations to the study, however. Because of the selective nature of patient selection (such as the requirement for preserved or elevated blood pressure), it is not known if the findings will translate to other subgroups of ADHF. In addition, mortality at 180 days was not a secondary endpoint, and the study was not powered to detect this difference. Another phase III trial is underway to replicate the findings of RELAX-AHF, with an estimated enrollment of over 6,000, and with a primary endpoint of time to cardiovascular-related death up to 180 days (NCT01870778).
Phase ii: hemodynamic effects of serelaxin in AHF
The results of the earlier clinical trials suggested that the rapid effects of the relatively short-term serelaxin infusion influenced long-term outcomes. The purpose of this trial was to define the rapid effects of serelaxin on hemodynamic para meters in AHF. The study was conducted in a randomized, double-blind, placebo controlled manner, with an enrollment of 71 participants (34 serelaxin, 37 placebo), and was conducted during 2012. 122 For eligibility for enrollment, the time to randomization had to be within 48 hours from presentation, which is a longer window than was used in the phase II/III RELAX-AHF trials (within 16 hours from presentation). 116, 120 Patients must have had a PCWP equal to or greater than 18 mmHg, and must have been under hemodynamic monitoring for at least 1 hour, with no planned change after stabilization in loop diuretics from 4 hours pretreatment to 1 hour posttreatment. Exclusion criteria included systolic blood pressure lower than 115 mmHg (compared to 125 mmHg in the phase II/III RELAX-AHF studies), or severe renal impairment (GFR less than 30 mL/minute/1.73 m 2 ). Patients enrolled were randomized to receive intravenous infusion of serelaxin (30 µg/kg/day) or placebo continuously for 20 hours, followed by a 4 hour washout period. Similar to Research Reports in Clinical Cardiology downloaded from https://www.dovepress.com/ by 54.70.40.11 on 31-Oct-2019 For personal use only.
the RELAX-AHF study, a dose-reduction or withdrawal protocol was in place. Systolic blood pressure that decreased by greater than 40 mmHg, but remained above 90 mmHg in two consecutive readings 15 minutes apart, mandated the dose to be reduced by half. If systolic blood pressure dropped below 90 mmHg, the treatment was discontinued. The two primary endpoints were change in baseline in PCWP and cardiac index at 8 hours of treatment. Secondary endpoints included blood pressure, pulmonary arterial pressure, cardiac output, right atrial pressure, systemic and pulmonary vascular resistance, renal function, and NT-pro-BNP levels.
Hemodynamic determinations were taken at baseline and during the infusion period at frequent intervals (0.5, 2, 4, 6, 8, and 20 hours), and during the washout period (21, 22 , and 24 hours). The peak PCWP decreased rapidly in the serelaxin group, and was significantly lower during the intervals from 0-8 hours. The effect was also significant between 8-20 hours, or during the entire infusion period (0-20 hours). Interestingly, at the 20 hour measurement, the placebo-treated group had dropped to nearly the same level as the serelaxin group. As a result, although the peak PCWP in the serelaxin group remained low during the washout period, it was not significantly different from placebo. No changes in the second primary endpoint, cardiac index, were detected at any time point, which is in contrast to the preclinical data and the phase I relaxin study. 74, 75, 113 However, because of the low number of patients in both clinical trials (16 in the phase I, 63 in the phase II), the large difference in the doses studied, and the difference in the patient population (stable chronic HF in the phase I study vs ADHF in phase II), it is difficult to compare the effect on cardiac index between these trials, and clearly more studies are needed to resolve this question. Serelaxin significantly reduced peak systolic, diastolic and mean pulmonary artery pressure at all time points during infusion. During the washout period, the pressures remained reduced with serelaxin treatment, but significantly only for diastolic pulmonary artery pressure. Significant improvements were also detected in right atrial pressure, and both systemic and pulmonary vascular resistance, especially during the early treatment period (0-8 hours). Patients on serelaxin rapidly experienced significantly reduced systolic and diastolic blood pressure, which was maintained throughout the washout period. Furthermore, when assessed during follow-up at 44 hours, diastolic blood pressure remained significantly lower than in the placebo group. Hypotension-related adverse effects were higher in the serelaxin group compared to placebo (15% vs 9%, respectively), and three patients in the serelaxin group were removed from the study before completion due to the predefined criteria for blood pressure decrease. There was a significantly higher creatinine clearance rate in the serelaxin group compared to placebo, but most measures of renal function were not different between the groups. The levels of NT-pro-BNP decreased 13% in the serelaxin group during the infusion period, with a 3% increase in the placebo group at the same time. Importantly, the levels of NT-pro-BNP remained significantly reduced in the serelaxin group vs placebo even at the 44 hour point (33% vs 14% decrease, respectively). Adverse effects were similar in each group.
Several important points were revealed by this study. The first is that the hemodynamic effects of serelaxin began quickly after commencing treatment, and were sustained at least as long as the infusion lasted. Secondly, the effects of serelaxin on blood pressure were sustained for as long as 44 hours, even though the infusion period (20 hours) was less than that in the RELAX-AHF study (48 hours) . Thirdly, the effects on renal and cardiac function were also sustained for an extended period of time after drug withdrawal. This is consistent with the findings of the Pre-RELAX-AHF and RELAX-AHF studies, and provides additional evidence that early changes in hemodynamics with short-term treatment with serelaxin can result in longer term benefits.
Discussion
The findings of the RELAX-AHF trial represent the first findings of a significant effect on long-term outcomes resulting from a short-term intervention in ADHF. The recent failures of the ASCEND, EVEREST, and other studies to show changes in long-term outcomes raises the question -why did the RELAX-AHF study succeed in this regard? One reason may lie in the mechanisms by which relaxin works. The early effects of relaxin on systemic and pulmonary vascular resistance and blood pressure, serve to relieve congestion, as evidenced by the improvements on dyspnea. This action itself likely contributed to the outcomes, as a retrospective analysis of the data from Pre-RELAX-AHF revealed that failure to relieve persistent dyspnea was an independent risk factor for worse outcomes. 123 Secondly, relaxin increases blood flow in organs such as the kidney, reducing the ischemic damage, and acts to limit fibrotic damage in target organs. Indeed, markers of cardiac, renal, and hepatic damage were associated with the 180-day mortality in RELAX-AHF studies, and relaxin improved all of these parameters. 124 Finally, the signaling properties of relaxin at the cellular level provide a unique ability to produce rapid and extended effects, and interested readers are directed to a recent excellent review on the topic. 125 The design of RELAX-AHF also likely contributed to the success of the study. The time from presentation to treatment was relatively short (within 16 hours), thereby increasing the chances of intervention before under-perfusion had caused extensive organ damage. Most other studies of ADHF had a much broader presentation-to-treatment window. Secondly, the inclusion criteria likely led to increased chances of success. In particular, by limiting inclusion to those with normal to high systolic blood pressure, elevated NT-pro-BNP, and moderate renal impairment, the study population was enriched in subjects more likely to respond to serelaxin. In the event that serelaxin is approved for use in ADHF, one can envision the clinical scenario for the proper use of the drug. If the patient is within 16 hours of presentation, has elevated systolic blood pressure and moderate renal impairment, dyspnea at rest and elevated natriuretic peptides, they might be a good candidate for serelaxin treatment. However, a normotensive patient would be less likely to benefit from serelaxin treatment, and other options should be considered.
The relatively restricted patient inclusion criteria in the RELAX-AHF study is in contrast with most previous interventional studies of the treatment of ADHF, in which all patients were enrolled excluding only those with severe hypotension. In most of the previous studies, the patients most likely to benefit from the pharmaceutical were a minority in the overall population, and this was most likely a major factor in the failure of many of those trials. In various commentaries and reviews of these clinical studies, it is suggested that treatments must be applicable to a broad patient population to be considered therapeutically useful, and this has been considered a major limitation of the RELAX-AHF study. However, given the highly homogeneous characteristics of ADHF patients upon presentation, a "one-size-fits-all" approach is less likely to succeed in either clinical practice or clinical trials. A recent analysis of the RELAX-AHF study revealed that the subjects enrolled represented ∼20% of the total patient population admitted for ADHF. 126 While only a portion of the total number of patients, this represents over 130,000 persons per year in the United States alone who Research Reports in Clinical Cardiology downloaded from https://www.dovepress.com/ by 54.70.40.11 on 31-Oct-2019 For personal use only. may be good candidates for serelaxin treatment, which is not an unsubstantial number. In light of the increasing call for a "personalized medicine" approach to patient care, future clinical studies that match the subject selection to the expected physiological and pharmacological properties of the intervention may be more likely to succeed. 4, 64, [127] [128] [129] Hopefully, the ongoing studies of targeted subgroups of ADHF patients, such as those discussed above for tolvaptan, will reveal positive outcomes on subgroups of ADHF patients and produce additional treatment options. If so, one can envision a panel of potential treatments that could be tailored to the patient's individual situation, and lead to more effective treatments for ADHF.
